Abstract The concentration of milk through evaporation is the most commonly employed unit operation for the production of a wide array of traditional and industrial dairy products. Major problems associated with thermal evaporation are a loss of aroma, flavor and color change. Ohmic heating (OH) has an immense potential for rapid and uniform heating of liquid, semi-solid and particulate foods, yielding microbiologically safe and high-quality product. The effect of ohmic heating on physico-chemical, rheological, sensorial and microbial properties during concentration of cow milk, buffalo milk and mixed milk (50:50) was studied and compared to conventional evaporation. OH significantly increased free fatty acids (FFA), apparent viscosity, hydroxymethylfurfural (HMF) content, instrumental color values i.e. redness (a*) and yellowness (b*) values. However, pH value and whiteness (L*) of the concentrated milk decreased significantly. OH caused a drastic reduction in microbiological counts and treated milk can be kept for a longer period.
Introduction
Thermal interventions are frequently applied in dairy and food industry to deliver the safe and quality products. The form of heat transfer is either conduction or convection, either of which requires longer heating-up time, exerting detrimental effects on quality of the finished product. The research and developments in non-conventional or alternative processing techniques are mostly focused to address the limitations of an existing process, at the same time offer desirable attributes to the products. The ohmic heating (OH) method is a rapid means of heat generation throughout a material. The OH works on the principle of conversion of electrical energy into thermal energy. When electricity passes through the conductive material, agitation of atoms or motion of charged particles occurs causing an increase in temperature (Sastry 2003) . Ohmic heating has been recommended for the processing of a wide range of food products because of abundant quantity of water and polar components such as minerals, proteins in them. The important prerequisite for application of OH is that the material must be electrically conductive which is limiting factor in the processing of foods with low water and ionic content. Compositional suitability of milk as evident by high moisture content, the presence of ionic components and electrical conductivity in the range of 4-5.5 mS/cm (Nielen et al. 1992 ) makes it an ideal candidate for ohmic heating.
The potential applications of OH in the food industry can be processing of fluids containing particulates and high viscosity fluids (Palaniappan and Sastry 2002; Wang et al. 2001 ), but not high fat, low moisture and salt foods (Lima 2004) . Remy et al. (2011) reported 3-log reduction in bacterial count, low b-lactoglobulin denaturation (\ 20%), no neoformed Maillard products generation in milk.
Moreover, there was no fouling within the ohmic heater, operated at constant soluble calcium level and the steady chemical environment of milk, even after continuous pasteurization of skim milk for 6 h. Due to its high energy efficiency, retention of nutrients, higher performance coefficient, improved product quality by reducing the microbial load to the great extent, OH becoming the alternative to conventional heating.
The present study was conducted with the primary objective of elucidating the effects of ohmic heating on physico-chemical, rheological, sensory and microbiological quality of concentrated milk.
Materials and methods
Fresh cow and buffalo milk was procured from Livestock Research Centre of National Dairy Research Institute, Karnal, Haryana, standardized to 3.5% fat and 8.5% SNF; 6% fat and 9% SNF, respectively. Furthermore, mixed milk was prepared by mixing standardized cow milk and buffalo milk in 1:1 proportion (4.75% fat and 8.75% SNF). Skim milk powder (SMP) used for standardization of milk was procured from Modern dairy, Karnal, India. The ohmic heater used in this study was fabricated by Chadha Sales Pvt. Ltd., New Delhi, India. Batch type ohmic heater consisted of a processing vessel (320 9 310 9 130 mm, 6 kg volume) made up of polypropylene, fitted with stainless steel electrodes (118.07 9 80.69 9 1.81 mm). The ohmic heater was provided with a control panel having provision for regulating voltage and temperature.
Preparation of concentrated milk
The standardized milk was taken into an ohmic heater and heated from 4°C to boiling and subsequently concentrated under atmospheric conditions. The whole process was carried out at a constant voltage gradient of 13.33 V/cm and for a period of 75 min. Samples were collected at an interval of 15 min for further analysis. A control sample was prepared using conventional heating.
Analysis of the product
Fat, protein, ash, total solids content and titratable acidity were determined using standard AOAC methods 905.02, 991.20,945.46, 990.19 and 947.05, respectively (AOAC 1998) and lactose content was determined by Lane-Eynon method (FSSAI 2011a).
pH
The pH (20°C) of the sample was determined by Cyberscan pH meter (model: pH2100, Eutech Instruments Pvt. Ltd., Singapore) in triplicate.
Free fatty acids content
Free fatty acid (FFA) content of the sample was determined by the method of Deeth et al. (1975) .
Hydroxymethylfurfural value
The quantitative method described by Keeney and Bassette (1959) for measuring the HMF content was used to determine the extent of browning in concentrated milk.
Color
The color of samples (25°C) was measured using a ColorFlex Ò colorimeter supplied by ColorFlex Ò . The instrument was calibrated with standard black and white tiles as specified by the manufacturer. Data were received in terms of L* (lightness), ranging from 0 (black) to 100 (White), a* (Redness), ranging from ? 60 (red) to -60 (green) and b* (yellowness), ranging from ? 60 (yellow) to -60 (blue) values of the International Commission for Color Measurement (CIE) system. The sample was placed in the transmission port of the optical unit of the instrument and L*, a* and b* values were noted in triplicate.
The concept of measuring the color change as the space modulus vector between initial and final color ordinates is termed as the total color difference (Martins and Silva 2002) . The chroma value (C*), a quantitative attribute of colorfulness, describes the intensity of color changes.
The hue angle (h*), a qualitative attribute of color is used to describe whether the object is red, orange, yellow, green, blue, or violet.
Rheological analysis
Apparent viscosity (125 s -1 , 20°C) and flow behavior of samples were determined using Rheometer (Model-MCR 52, Anton Paar, Austria) equipped with CP75-1°cone and plate assembly. The samples were tempered to 20°C in a water bath, the cream plug was removed and the sample was mixed gently and loaded on a plate, allowed to equilibrate at 20 ± 1°C for 1 min over it. The assessment of flow behavior of samples was carried out in the range of 0-1000 s -1 shear rate for 200 s. After completing the analysis, the data was fitted to rheological models namely Power law, Herschel-Bulkley and Bingham models and values of flow behavior index (n), consistency coefficient (k), yield stress (r) and correlation coefficient (R 2 ) were recorded.
Sensory evaluation
Samples were evaluated for organoleptic attributes by a panel of seven trained panelists from the faculty of Dairy Technology Division. The panelists were presented with 20 mL of samples (20 ± 2°C) to evaluate flavor, body and texture, color and appearance and overall acceptability using a 9-point hedonic scale.
Microbiological analysis
Samples were analysed for microbiological attributes viz. total plate count (TPC), coliform count, yeast and mold count and anaerobic spore count as per the standard methods given by FSSAI (2011b).
Statistical analysis
The results were analyzed by one-way analysis of variance (ANOVA) statistically employing SPSS software, version 21.0 and data were expressed as Mean ± Standard Error.
Results and discussion
Effect of ohmic and conventional heating on electrical properties of milk It is evident from Fig. 1 that the initial voltage applied was 200 V which decreased 195 V for cow milk and mixed milk, while for buffalo milk it increased to 202 V at the end of processing (75 min). The current (ampere) values for all the milk were raised from 4.6 to 16.8 A till 30 min followed by gradual reduction which could be due to fouling of electrodes upon heating. Time required to raise the temperature from 10°C to boiling for the cow, buffalo and mixed milk was 17, 20 and 21 min, respectively. The power consumed to process cow, buffalo and mixed milk ohmically for 75 min was 2.4, 2.5 and 2.5 kWh, respectively. This could be due to the reduction in conductance at higher fat (non-polar constituent) content in milk samples, as cow milk and buffalo milk were standardized to 3.5 and 6.0 percent fat content (Mabrook and Petty 2003) .
Effect of ohmic and conventional heating on compositional characteristics of milk Concentration of milk significantly (p \ 0.05) increased all the compositional parameter, however, there was no significant effect of type of heating (conventional and ohmic) for the identical concentration factor ( Table 1 ). The pH, titratable acidity, and FFA contents differed significantly (p \ 0.05) in all the samples. The decrease in pH upon concentration can be attributed to degradation of lactose to organic acids primarily formic acid, conversion of soluble calcium phosphate to colloidal calcium phosphate, and dephosphorylation of casein (Singh 2004) . FFA content of milk increased significantly (p \ 0.05) in concentrated milk. During heating of milk at elevated temperatures, milk fat globule membrane (MFGM) constituents mainly proteins and phospholipids get damaged, which results into the formation of free fat and subsequently oiling off (Fox et al. 2015) . Furthermore, the values of FFA content of concentrated milk were not abundant and no visible free fat observed by sensory panelists.
Effect of ohmic and conventional heating on physico-chemical properties of different milk during concentration
The effect of OH and conventional heating on physicochemical properties of cow, buffalo and mixed milk during concentration are presented in Fig. 2 . Apparent viscosity (125 s -1 , 20°C) was found in a direct relationship with processing time (Fig. 2a) . As the processing time increased, the apparent viscosity increased significantly (p \ 0.05). The viscosity values were correlated well with total solid. Heating also causes partial denaturation of milk proteins, promote interaction among macromolecules, thus an overall increase in viscosity of concentrated milk. Among the milk samples, buffalo milk exhibited maximum apparent viscosity because it had maximum total solids, protein and fat content.
Hydroxymethylfurfural value
HMF values (lM/L of milk) increased significantly (p \ 0.05) with processing time. As the processing time increased, the HMF content increased significantly (p \ 0.05). However, there was no significant effect of type of concentration on HMF content of concentrated milk. HMF content remained constant during initial heating of 30 min, increased slightly at 45 min and increased sharply at 60 and 75 min. HMF is considered a marker of severity of heat treatment for a wide range of sugar and protein containing foods including milk (Morales and Jiménez-Pérez 2001) . It is one of the few intermediate compounds (furosine, hydroxymethylfurfural, carboxymethyllysine and acrylamide) formed during Maillard reaction which exert toxicological consequences (Borad et al. 2017) . HMF content indicates the extent of heat treatment provided to food particles. Total HMF content of commercial milk samples with different fat content was in the range of 0.95-2.14 lM/L for pasteurized, 3.46-5.75 lM/L for direct UHT treated and 15.52-21.38 lM/L for sterilized milk samples (Morales and Jiménez-Pérez 1999) . Results achieved in the present investigation were much higher than the above-reported work, probably because of the prolonged heating.
Color

Whiteness (L*)
With the increase in OH time, all milk samples became darker as reflected by the decrease in whiteness (L*) values of all the samples with an initial increase in whiteness after 15 min of OH time (Fig. 2c) . The initial whitening of milk samples could be due to the denaturation of the heat labile milk proteins and subsequently its coagulation (Burton 1955b; Rhim et al. 1988b ). Concentrated milk prepared using OH and conventional heating differed significantly (p \ 0.05) in terms of whiteness. Ohmically concentrated milk was less white as compared to conventional heating. The reduction in L* values of OH sample was in line with HMF production.
Redness (a*)
Hunter a* value (redness) of different milk was directly proportional to processing time and it increased significantly (p \ 0.05) with time ( Fig. 2d ). There was a significant difference (p \ 0.05) observed among redness values of the type of concentrated milk as well as the type of heating. Buffalo milk concentrate had maximum redness followed by mixed milk and cow milk. The increase in redness value of milk during heating appeared to follow similar patterns as reported by Rhim et al. (1988a) and Burton (1955a) and observed a linear relationship between heating time and temperature.
Yellowness (b*)
Yellowness increased significantly (p \ 0.05) with time owing to the formation of primary Maillard reaction products (Fig. 2e) . As expected the b* values were significantly (p \ 0.05) higher for cow milk followed by mixed milk and least for buffalo milk because of the presence of carotenoids. There was a significant difference (p \ 0.05) observed among yellowness values of types of concentrated milk and heating method. Casein micelles in milk are responsible for the white color of milk. Heat-induced denaturation of whey proteins and their aggregation to casein micelles, dephosphorylation of casein, breakdown of k-casein, and precipitation of soluble calcium phosphate on casein micelles lead to a reduction in the whiteness of milk. Further, the intensity increases with the commencement and subsequent progression of Maillard reactions.
Colored pigments formed during the advanced stage of Maillard reaction which is responsible for total color development are unsaturated, brown nitrogenous polymers and copolymers and bound to proteins (Morales and van Boekel 1998) . This was confirmed by Fogliano et al. (1999) who reported that in the gluten-glucose model system, low molecular weight chromophores entrapped in high molecular weight polymers and trypsin treatment favored their release from the matrix. Later on Frank and Hofmann (2000) investigated the from carried out nonenzymatic browning of L-alanine and D-glucose model system and identified five key chromophores namely (Z)-2-[(2-furyl)methylidene]-5,6-di(2-furyl)-6H-pyran-3-one (I), [E]-and [Z]-1,2-bis(2-furyl)-1-pentene-3,4-dione (IIa/IIb), 4,5-bis(2-furyl)-2-methyl-3H-furan-2-one (III), (S,S)-and (S,R)-2-[4,5-bis(2-furyl)-2-hydroxy-2-methyl-3(2H)-pyrrol-1-yl]propionic acid (IVa/IVb) and 2-[(2-furyl)methylidene]-4-hydroxy-5-[(E)-(2-furyl)methylidene]methyl-2H-furan-3-one (V) that contributed 16% of the total color of the Maillard mixture. Among five different chromophores identified, compound I (orange), IIa/IIb (intensely yellow), III (strong fluorescent yellow) Iva/IVb (intensely orange) and V contributed 5.9, 6.9, 0.8, 1.7 and 0.7% of overall color of Maillard mixture. In milk system, similar kind of chromophore could be produced which might be the reason for colored intermediates formed during Maillard reaction of milk and milk products and alteration in color characteristics characterized by a decrease in whiteness (L*) and increase in redness (a*) and yellowness (b*) of the milk and milk products.
Yellowness and redness were significantly (p \ 0.05) lower in all types of conventionally heated milk concentrate as compared to ohmically heated ones. The electrochemical reaction between SS and milk components and subsequent corrosion of SS electrodes might be the culprit of the brown color of concentrated milk (Pataro et al. 2014) .
The total color difference (Fig. 2f) , as well as chroma (Fig. 2g) , increased with time.
Hue angle (h*)
The hue angle (h*) is the qualitative attribute of color and used to define a color with respect to a gray color with the same lightness. Hue angle of 0°or 360°denotes red hue, whereas angles of 90°, 180°, and 270°represent yellow, green and blue hues, respectively. The h* value of concentrated milk samples are presented in Fig. 2h . The h* value of all milk were in the yellow region. The h* value increased during OH which indicated the shifting of the color of all milk samples toward the higher yellowish red region.
Effect of ohmic and conventional heating on rheological properties of milk during concentration
During concentration of milk employing ohmic heating, it was observed that with increasing the shear rate the viscosity decreased drastically and at the higher shear rate it reached near zero. The flow behavior index (n) value was less than unity that confirmed the non-Newtonian behavior of concentrated milk (Table 2 ). In general, with time as concentration increased flow behavior index values lowered down; except for Bingham model. In cow milk and mixed milk, consistency coefficient (k) values also enhanced with time and level of concentration, however, it decreased rapidly in the initial stage, increased slowly and peaked at the end of ohmic heating in buffalo milk. The variability could be related to higher levels of proteins and minerals in it and pronounced heat-induced changes, in macromolecules. The correlation coefficient (R 2 ) of respective models indicated that Herschel-Bulkley model was best-fit one followed by Bingham and Ostwald model. Flow behavior index (n) of the best fit model was \ 1 for all the samples, indicating that the flow behavior of concentrated milk was shear thinning.
As TS content increases, the rheological behavior of milk concentrates changes from Newtonian to time-dependent shear thinning (Trinh et al. 2007b) . With increase in TS content under time independent conditions flow behavior changes from Newtonian to Power law to Bingham plastic or Herschel-Bulkley behavior (Bienvenue et al. 2003a, b; Trinh et al. 2007a, b) . The TS content and consistency coefficient (k) are directly proportional to each other, while flow behavior index (n) is in inverse relationship with TS content (Stepp and Smith 1991; Sierzant and Smith 1993; Hinrichs 1999) . The value of k becomes more sensitive to total solids as temperature decreases (Vélez-Ruiz et al. 1997 ).
Effect of ohmic and conventional heating on sensory attributes of milk during concentration Sensory evaluation of concentrated milk samples indicated that there was no significant variation in overall acceptability scores of control (conventionally heated) and ohmic treated milk concentrates (Table 3 ). The ohmically heated mixed milk concentrate had the maximum overall acceptability score (7.7) followed by buffalo milk. Flavour score of buffalo milk concentrate (ohmic) was maximum followed by mixed milk because of sweet, nutty and caramelized flavor of the former as reported by panelists. Body and texture score was maximum for the conventionally concentrated buffalo milk followed by mixed milk (OH). It was observed that OH buffalo milk and cow milk contained fine particulate material, probably heat-denatured proteins. Color and appearance score was also reported maximum for mixed milk (OH) followed by buffalo milk (OH).
Effect of ohmic and conventional heating on microbiological properties of milk during concentration
Initial microbial counts in raw milk samples analyzed as SPC, Y&M and coliform counts which decreased from 7.89, 4.10 and 3.75 log CFU/mL to 4.40, absent and absent for cow milk; 8.30, 4.27 and 3.36 to 4.44, absent and absent for buffalo milk; and 8.27, 4.25 and 3.39 to 4.46, absent and absent for mixed milk, respectively after 15 min of ohmic heating. Spore counts were nil in the raw milk itself. All counts were absent in conventionally concentrated milk. The total microbial counts reduction observed was in the range of 3-4 logs. The applied electric field in ohmic heating is expected to cause electroporation of cell membranes, which would be more severe in combination with heating. Yoon et al. (2002) observed a direct and indirect effect of applied electric field on the cell wall, and loss of membrane permeability resulted in leaching out of intracellular materials.
Conclusion
Ohmic heating based concentration led to increase in HMF content and titratable acidity, but the reduction in pH as compared to conventional heating. Formation of Maillard reaction products significantly reduced whiteness (L*) value and increased the redness (a*) and yellowness (b*)
values. FFA content increased during ohmic heating but the values were not abundant and no visible free fat observed by sensory panelists. The concentrated milk exhibited shear thinning behavior with Herschel-Bulkley as the best-fitted model for rheological data. The concentrated milk samples were free from any microbial proliferation.
